ABSTRACT: Tristetraprolin (TTP) and TIS11d are two human binding proteins that belong to the CCCH-type tandem zinc finger family.
INTRODUCTION
24 Tristetraprolin (TTP) is the prototype of the family of CCCH-25 type zinc finger proteins. In the cell, TTP production is induced 26 by extracellular stimuli such as insulin, polypeptide growth 27 factor, phorbol esters, and mitogens. By controlling the 28 activation of many genes, TTP plays an important role in 29 modulating the inflammatory response.
1 TTP binds to AU-rich 30 elements located in the 3′ untranslated region of many mRNAs, 31 including tumor necrosis factor-α, granulocyte-macrophage 32 colony-stimulating factor, and interleukin-2. 2−4 The binding 33 of TTP promotes deadenylation and consequent degradation of 34 these transcripts, thus decreasing the production of these 35 proteins. 3, 5, 6 The RNA-binding domain of TTP is a 70 amino 36 acid fragment that contains the tandem zinc finger domain. The 37 integrity of both zinc fingers is necessary for binding RNA, as 38 -coordination at ZF2, Figure 1 , 244 through a series of events that are described in detail below. 245 The remaining two trajectories exhibit the earliest events that 246 promote this loss ( Figures S5 and S6) . To characterize the 247 Zn 2+ -coordination of each finger, the six angles and the four 248 distances between the Zn 2+ cation and the Zn 2+ -coordinating 249 atoms (S from the cysteine residues, and N ε from the histidine) 250 were monitored as a function of time, Figure 1 . 251 To determine the order of events that lead to the loss of 252 Zn 2+ -coordination at ZF2, the structure, intramolecular 253 fluctuations, and overall dynamics were analyzed from the 254 trajectory where this loss was exhibited, as described in the 255 following sections. (see Figure 2B ). The His 4 residues in ZF1 of TTP and in both 267 ZFs of TIS11d mostly sample the conformation characterized 268 by χ 2 = 180°and visit the second conformation, characterized 269 by χ 2 = 90°, very infrequently, with ≈1% probability (see Figure   270 2A,C,D).
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Rotation of the imidazole ring of H166, Figure 3A, and Figure S7 ). For TTP, however, while this aromatic stacking 288 is consistently observed in ZF1 (see Figure S7 ), it is observed 289 in ZF2 only in the first part of the trajectory that precedes to . Below, the geometry of the zinc coordination in the C-terminal zinc finger of TTP is monitored. In the main figure, the angles between the zinc ion and the zinc-coordinating atoms are shown for the first 50 ns:
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−N ε H166 in magenta. In the inset, the distances between the zinc ion and the zinccoordinating atoms are shown: S C147 −Zn 2+ in black, S C156 −Zn 2+ in blue, S C162 −Zn 2+ in red, and N ε H166 −Zn 2+ in green. (see Figure 6 ) that is also evident from the difference in the 302 backbone dihedral angles of the three residues located in the C- 303 terminal half of the α-helix (see Figure S8 ). In TIS11d, the α- Probability density distributions of the stacking angle and distance between the aromatic rings are shown for F200 and H216 in TIS11d (C) and for F150 and H166 in TTP (D). In the figure, conformations where the phenylalanine and histidine side chains are stacked (as shown in A) and not stacked (as shown in B) are represented by # or *, respectively. The stacking angle was calculated as the angle between the normals of the two aromatic rings (the planes for the side chains are defined by atoms C δ 2 , C ε 1 , and N ε 2 for histidine and C ζ , C ε 2 , and C δ 2 for phenylalanine). The distance between the aromatic rings was calculated as the distance between the centers of mass for the heavy atoms of the two side chains. The color bars show the values of the probability density calculated for the stacking angle and distance as the number of counts normalized by the total number of observations and by the area of each bin. Configurations and distributions were extracted from the unfolding MD trajectory for TTP (100 ns) and from six 100 ns MD trajectories for TIS11d. 
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To validate the role of T202 in stabilizing the structure of 377 ZF2 based on our MD results, we mutated threonine 202 to 378 leucine in TIS11d and used NMR and CD spectroscopy to 379 characterize the structure of the mutant protein. We found that, 380 in the T202L mutant of TIS11d, ZF2 is less structured than in f7 381 the wild type protein, Figure 7A ,B. Cross-peaks from ZF1 and 382 ZF2 are present in the 15 N− 1 H HSQC spectrum of the T202L 383 mutant TIS11d; however cross-peaks corresponding to the 384 residues in the linker and in the α-helix of ZF2 are broadened 385 beyond detection, Figure 7A . Cross-peaks from ZF2 show the 386 largest chemical shift differences from the wild type and have 387 lower intensities than cross-peaks from ZF1, Figure S11 . These 388 results suggest that ZF2 is more flexible and that the structure 389 of ZF2 is affected by the single point mutation. The CD 390 spectrum of the RNA-binding domain of TIS11d T202L 391 indicates that this protein is less structured than the wild type 392 TIS11d, and more similar to TTP, Figure 7B . 
Letter 424 from both ZF1 and ZF2 ( Figure 8A ) and the CD spectrum 425 closely resembles that of TIS11d ( Figure 8B ). Combined these 426 results indicate that both zinc fingers are properly folded in this 427 mutant protein. 428 Taken together TIS11d T202L mutant and the correspond-429 ing TTP L152T mutant confirm the role of the intrahelical 430 hydrogen bond formed by the side chain of the threonine in 431 stabilizing the π−π interaction, essential for the stability of ZF2. We used CD spectroscopy to characterize the structure of 451 the mutant protein. Figure 7B shows that the RNA-binding 452 domain of TIS11d F200A is less structured than that of wild 453 type TIS11d and more similar to that of TTP. The shift in 454 minimum of the CD spectrum is due to the loss of the aromatic 455 interactions in the F200A mutant. These experimental data 456 demonstrate that F200 is essential in stabilizing the structure of 457 ZF2. It is important to note that F200 is located on the protein 458 surface, it is partially solvent exposed, and there are no 459 hydrophobic side chains within a 5 Å radius (see Figure S16) . 460 The destabilization of ZF2 observed in the F200A mutant, 461 therefore, is not due to the disruption of a hydrophobic core 462 within the protein but only to the disruption of the aromatic 463 469 in the position of the peaks from ZF1, and no additional peaks 470 appear from ZF2 residues (see Figure S17 ). The addition of 471 RNA, therefore, does not stabilize the structure of ZF2, and this 472 mutant protein does not bind RNA with high affinity, K d < 1 473 μM, as confirmed by a fluorescence polarization binding assay. 474 These data show that a phenylalanine located three residues 475 after the first Zn 2+ -coordinating cysteine (i.e., Cys 1 ), in the 476 middle of the α-helix in TIS11d, is essential for stabilizing the 477 structure of the zinc finger and for increasing the binding 478 affinity of the zinc finger for Zn 
CONCLUSIONS
522 In this work, we investigated the interactions occurring in the 523 RNA-binding domains of TTP and TIS11d that stabilize their 524 coordination of zinc ions. Using molecular dynamics we were 525 able to observe the loss of structure of the C-terminal zinc 526 finger of TTP and characterize the events that underlie this loss. 527 We found that, in the C-terminal zinc finger of TTP, the zinc-528 coordinating histidine, H166, populates two rotameric states. 529 The rotamers correspond to the χ 2 angle of the side chain 530 centered at 180°or at 90°, respectively: the first conformation 531 allows the correct tetrahedral geometry between the three 532 cysteines, the histidine and the zinc ion; the latter causes a 533 steric clash between the side chain of H166 and C162 that 534 results in the disruption of the zinc-binding site. We found that 535 when the rotameric state of H166 has χ 2 = 180°, a π−π 536 interaction is present between the side chains of H166 and 537 F150; when χ 2 = 90°, no such interaction is present. When the 538 stacking between the two aromatic moieties is formed, the side 539 chain of the histidine residue is kept in the χ 2 = 180°5 40 conformation. In TTP, this stacking interaction is only 541 marginally stable, however.
542
In TIS11d, the rotamer of H216 with χ 2 = 180°is stabilized 543 by the π−π interaction with the side chain of F200. As in TTP, 544 the phenylalanine is in the center of the short α-helix spanning 545 six residues and starting at the first cysteine. An intrahelix 546 hydrogen bond between the hydroxyl group in the side chain of 547 T202 and the acyl oxygen of R198 restrains the α-helix in a 548 conformation that allows the side chain of F200 to stack against 549 the imidazole ring of H216. Although TTP and TIS11d share 550 the majority of their primary sequence in the RNA-binding 551 domain, the residues that form the α-helix are not conserved. 552 The residue corresponding to T202 in TIS11d is L152 in TTP. 553 Leucine side chains are unable to form hydrogen bonds and 554 hence in TTP the phenylalanine is not kept in proximity of the 555 imidazole ring of H156 in a conformation that can stack against 556 the side chain of H156. MD simulations of TIS11d T202L 557 mutant support the importance of this hydrogen bond in 558 stabilizing the Zn 2+ -coordination: in the mutant protein, which 559 cannot form the hydrogen bond, the H216 rotamer with χ 2 = 560 90°is more populated than in the wild type TIS11d. 561 The mechanism of stabilization of ZF2 that we proposed 562 based on the MD simulations was experimentally validated 563 using mutagenesis. First, we constructed two mutant proteins, 564 TIS11d T202L and TTP L152T, to probe the role of the 565 hydrogen bond in stabilizing the π−π interaction observed 566 between the side chains of the Zn 2+ -coordinating histidine and 567 the conserved phenilalanine in the middle of the α-helix. We 568 have shown that a single point mutation of threonine 202 to 569 leucine in TIS11d is sufficient to decrease the affinity for Zn 
